Further evidence for the binding of cystine to plasma proteins in vivo is presented.
I. INTRODUCTION
The results of previous experiments have shown that cystine takes part in a thiol-disulphide exchange reaction with plasma proteins and that at least some half-cystine residues are bound to these proteins in vivo in the sheep (Downes 1961b) . The mixed disulphide between a plasma protein and cystine will be symbolized as P-S-S-Cy throughout this paper. 35S in the P-S_35S-Cy form will be referred to as "disulphide-bound"; 35S in other positions of the protein molecule will be called "peptide-bound". To our knowledge there are no published values for the concentration of free cysteine or cystine (together called "cyst(e)ine") or of P-S-S-Cy in sheep plasma. Even for other species the metabolic relationships between cysteine and cystine are not fully understood (Brigham, Stein, and Moore 1960) . The present experiments were carried out to fill part of this gap in our knowledge and to provide a background to studies of the meohanism of incorporation of cystine into wool keratin.
When P-S_35S-Cy is injected intravenously into a sheep the 35S disappears exponentially from the circulating plasma with a half-time of 1-2 hr (Downes 1961b) . This was attributed to the thiol-disulphide exchange reaction. However, the possibility remained that the label was simply being removed by equilibration of the circulating plasma proteins with the extravascular pool. If this had been so, the rate of equilibration would have been much faster than that observed in animals of a comparable size but of a different species (Sterling 1951; Forker, Chaikoff, and Reinhardt 1952; Baker and Wycoff 1961; Takeda and Reeve 1963) . This possibility has now been ruled out by measuring simultaneously the rates of disappearance of intravenously administered albumin-S-35 S-Cy (or albumin-S-S-[3-14 C]Cy) and [131I] albumin. From these results it follows that, on infusing L-[35S]cystine intravenously at a constant rate into a sheep, an equilibrium between the free and disulphide-bound [35S]cystine should be established within a few hours, at which stage the concentrations of 35S in these two forms will be proportional to the actual concentrations of cystine in the two forms. Thus the relative concentrations of free and disulphide-bound cystine should be measurable by radiochemical techniques. 
II. MATERIALS AND METHODS

(a) General
The animals used for the tracer experiments were kept in metabolism cages of the type described by Till and Downes (1963) , in a room held at 22(± 3)OC. Some of the sheep whose blood plasma was analysed for free cyst( e )ine were housed in single or grouped pens in an animal house. All sheep, except those listed in Table 3 , were fed once daily, between 9 and lO a.m., a ration comprising 700-lO00 g of equal parts of lucerne and wheaten chaff.
The doses of L-[35S]cystine (from Schwarz BioResearch Inc., New York, and from the Radiochemical Centre, Amersham, England) were prepared and the radiochemical purity checked as described previously (Downes and Lyne 1961 Emiliozzi, Pichat, and Herbert (1959) and was injected immediately into the experimental sheep. ' Samples of the so]ution were taken before the reduction and just before the injection and were chromatographed on paper with n-butanol-water-formic acid (75 : 15 : 10 by volume). Radioautography of the chromatograms revealed the presence of only a trace of cystine after the reduction. Unlabelled L-cystine was obtained from L. Light & Co. Ltd., Colnbrook, England.
The methods of blood analysis and of radioassay have been described (Downes 1961a (Downes , 1961b . Blood samples were collected in precooled bottles containing heparin, and centrifuged immediately at 4000 g and 5°C for 15 min. The precipitation of plasma proteins with trichloroacetic acid (TCA) was carried out within 30 min of the blood sample being taken. Under these conditions the binding of cystine by the plasma proteins in vitro is reduced to less than 10% (Downes 1961b) .
(b) Preparation of Labelled Albumin
(i) Albumin-S-35S-Cy.-Albumin (0·2 g), which had been isolated from sheep plasma as described by Schwert (1957) , was dissolved in 4 ml phosphate buffer (M/15, pH 7·4). An aqueous solution of L-[35S]cystine hydrochloride (0·2 ml; 0·46 mg cystine; 17 fLc) was added and the solution was incubated at 39°C for 6 hr. The protein was then separated from unbound cystine by elution with 0·9% (w/v) NaCl from a column (17 by 30 cm) of Sephadex G-25. The column eluate was collected in fractions, whose 35S contents were measured as follows. Portion (0·01 ml) of each fraction was applied to a disk of Whatman 3 MM paper (*" in. McFarlane (1958) . The unbound 131r was removed on a column of Sephadex G-25 as described for albumin-S-35S-Cy.
(c) Analysis of Free Cystine in Plasma
About 50 ml of blood was withdrawn from the jugular vein of each sheep studied and the plasma was collected rapidly as described above in Section II(a). Picric acid [50 mIl % (w/v) in water] was added to each of two 10-ml samples of the plasma within 1 hr of the time of bleeding and the precipitated proteins were removed by centrifugation. L-[35S]Cystine (0·1 ml solution containing 0·1 fLc, 1· 8 fLg) was then added to 50 ml of the filtered supernatant to provide a recovery factor for the estimation, since trial analyses had shown a wide variation in the recovery of known amounts of cystine as cysteic acid.
The picric acid was removed on a column (1·3 by 10 cm) of Deacidite FF (acetate form) as described by Stein and Moore (1954) . The column eluate was collected in a weighed flask and a portion kept for measurement of 35S and total ex-amino nitrogen. The rest was freeze-dried and the product oxidized with performic acid (5 ml) for 15 min at 0°0. Ice-cold distilled water (50 ml) was then added and the solution was again freeze-dried. The residue was dissolved in 2-3 ml of acetate buffer (0'2N, pH 2·2) and the cysteic acid separated from the other amino acids by chromatography on a column (0·9 by 150 em) of Amberlite IR120 at 50°0 as described by Stein and Moore (1954) . The column effluent was collected in 2-ml fractions, the first 60 of which were analysed for ex-amino nitrogen as described by Moore and Stein (1954) and for 35S. The amount of cysteic acid was estimated by comparing the colour yields of the appropriate fractions with those of standard amounts of cysteic acid, and was then corrected by dividing by the proportion of the added 35S recovered in the same fractions. This proportion varied from O· 3 to 0·8. The rest was eluted just before cysteic acid and was probably present as sulphate, which was shown to appear in this position on the chromatogram. Within experimental error, all of the 35S applied to the column was recovered in these two peaks.
III. EXPERIMENTAL RESULTS
(a) Rate of Equilibration of Plasma-and Extravascular Albumin
Sheep plasma albumin which had been labelled with 131J and with [35S]cystine (albumin-S-35S-0y) was injected intravenously into a sheep. Another sheep was given [ 13 1J]albumin-S-S-[3-14 0]Oy. Blood samples were taken at intervals and the concentration of each isotope in the plasma was measured. The results (Fig. 1) showed that the concentration of 35S and 14 0 fell exponentially (T t = 125, 90 min respectively) at about the same rate as observed previously (Downes 1961b) , while the concentration of 131 1 fell much more slowly. The difference between the slopes of the two lines is shown in Figure 1 as a broken line, which presumably indicates the true rate of the exchange of half-cystine and between albumin-S-S-Oy and cyst(e)ine in the plasma of these sheep in vivo (T t = 150, 105 min). Two estimates of the plasma volume were made in each sheep, from the dose of each isotope and the concentration in the plasma at zero time, obtained by extrapolation. The two sets of results (Table 1) agreed reasonably well, showing that the observed rate of fall of the 35S or the 14 0 was in fact the rate of disappearance of the disulphide-bound half-cystine residues which had been injected.
(b) Fate of Intravenous Doses of L-[35S]Oysteine
Three sheep were given intravenous tracer doses of L-[35S]cysteine. In two of these sheep the dose was followed a short time later by an intravenous infusion of a relatively large amount of unlabelled cyst(e)ine [see Section III (d) ]. Blood samples (10-20 ml) were taken at intervals, and the concentrations of total 35S, peptidebound 35S, disulphide-bound 35S, and free cystine 35S in each plasma sample were determined. In each experiment some of the label appeared in the disulphide-bound form. Figures 2 and 7(a) show this for two of the sheep. However, the distribution of the 35S was different to that found after intravenous doses of L-[35S]cystine, and the concentrations of 35S as P-S_35S-Cy fell more slowly from its peak value than after doses of L-[35S]cystine. These differences are illustrated by the results in Table 2 which show that relatively much more of the 35S became disulphide-bound following doses of L-[35S]cystine than following L-[35S]cysteine.
(c) Intravenous Infusions of L-[35S]Oystine
Three experiments were carried out in which small amounts (less than 10 mg) of L-[35S]cystine were infused at a constant rate into the left jugular veins of three sheep for about 3, 9, and 48 hr respectively. Blood samples (10-20 ml) were taken at intervals from the other jugular vein and the plasma obtained as described in Section III(b). The distribution of 35S in each plasma sample was then determined. Another portion (2 ml) of each plasma sample was added to unlabelled L-cystine (400 ftg in 0·1 ml O' 05N HOI) and allowed to stand at room temperature for 24 hr before precipitation of the proteins with TOA. This treatment was carried out to see if any of the 35S bound in vivo could be removed by exchange with non-radioactive cystine. In the first experiment a dose of L-[35S]cystine (125 ftc; 10 mg) was infused at the rate of 0 ·74 ftc/min for 170 min. Although there was some scatter in the results (Fig. 3) , the concentration of free cystine 35S became approximately constant during the last 2 hr of the infusion, while the concentration of P-S_35S-0y continued to increase until, at the end of the infusion, the concentrations of free and of disulphidebound 35S were about the same. Subsequently the concentration of free cystine 35S fell rapidly, and that ofP-S-35S-0y fell much more slowly, in agreement with previous results for intravenous doses (Downes 1961b) . The concentration of peptide-bound 35S was relatively small but increased progressively, presumably as newly synthesized plasma proteins were released into the circulation by the liver. During the first 150 min of the infusion practically all of the 35S in the plasma could be accounted for as free cystine plus TCA-precipitable (peptide-bound plus disulphide-bound) material. Later there was a small discrepancy presumably due to the presence of other labelled metabolites.
The treatment of the later plasma samples with unlabelled cystine for 24 hr before precipitating the proteins with TCA removed some of the disulphide-bound 35S, which appeared as free cystine (Fig. 4) . The plasma samples obtained during the first 90 min of the infusion gave the same results for the specific activity of the proteins, whether they had been precipitated immediately or treated with unlabelled cystine for 24 hr before precipitation. However, this was probably due to the fact that the proportions of free and disulphide-bound 35S were about the same in vivo during this period as the final proportions reached in vitro after adding the unlabelled cystine and allowing the thiol-disulphide exchange to proceed for 24 hr. In other words, under the experimental conditions used, the proportion of disulphide-bound 35S in vivo had to be greater than about 22% before the displacement of the 35S with more (unlabelled) cystine could be demonstrated. A portion (5 ml) of the plasma from the blood sample taken just before the end of the infusion was treated with unlabelled cystine (1 mg) for 24 hr at room temperature. The proteins were then precipitated with picric acid and the free amino acids isolated and chromatographed on Amberlite IR120 as described by Stein and Moore (1954) . No 35S was detectable in the portions of the effluent corresponding to cysteic acid, glutathione, or the mixed disulphide of glutathione and cystine. 91 % of the radioactivity applied to the column was recovered in the cystine region.
The third infusion (53 /Lc; 4 . 8 mg cystine), over a period of 48 hr, again showed that the concentrations of free and of disulphide-bound [35S]cystine remained approximately constant while the peptide-bound 35S increased (Fig. 6 ). Again the 
(d) Displacement of Disulphide-bound [35S]Oystine in vivo
In two of the experiments in Section III (b) and in four others in which sheep were given intravenous tracer doses of L-[35S]cystine the dose was followed a short time later by an intravenous infusion of a relatively large mass of unlabelled cystine or cyst ( e )ine. At various time intervals blood samples were taken and the distribution of 35S in the plasma determined. The blood samples all had about the same haematocrit value and there was no evidenc«;l of haemolysis, even though as much as 8 g of cyst(e)ine (as the hydrochloride) was injected over a 20-min period. In each case similar results were obtained, and are exemplified in Figure 7 . Some of the 35S became disulphide-bound in vivo as in earlier experiments. Most of this bound 35S was displaced by the infusion of the massive dose of unlabelled cyst(e)ine, and was then present as free cystine. This confirmed that the 35S designated as disulphide-bound must have been present as half-cystine residues. In most of these experiments, the infusion of the large mass of cyst ( e )ine was followed by a return to the plasma of some of the 35S which had previously been removed. This elevated concentration of 35S lasted for several hours, possibly showing that the tissues had become saturated with cyst(e)ine and that the excess was carried around in the blood. There was a considerable variation in the extent of the rise in plasma 35S after the infusion, but this is hardly surprising in.view of the large number of variables.
(e) Concentration of Free CYBt( e )ine in Sheep PlaBma
The results for the concentration of free cyst( e )ine in the plasma from five sheep are shown in Table 3 . The concentration ranged from 0 ·16 to 0·82 mg/100 mI. Table 4 . The concentration of total ex-amino nitrogen, which is also shown in Table 3 , ranged from c. 3-8 mg/lOO ml.
IV. DISOUSSION
The above results provide further evidence for the binding of half-cystine residues by sheep plasma proteins in vivo. The results obtained from the intravenous infusions of L-[35S]cystine indicate that there is probably more disulphide-bound half-cystine than free cyst(e)ine in sheep plasma in vivo. No direct analyses of the amount of P~-Cy have yet been made, and in view of the low total concentration of free cyst(e)ine, no attempt was made in the present experiments to measure the relative amounts of the oxidized and reduced forms. Brown and Lewis (1941) It is not possible to state whether the disulphide-binding is of special significance for the sheep because, to our knowledge, there are no published data showing the relative amounts of free and disulphide-bound cystine in the plasma of other species. However, since a portion of the extravascular plasma protein is probably stored in the skin of sheep, as has been shown in the rabbit by Humphrey, Neuberger, and Perkins (1957) , it is possible that the binding phenomenon provides a mechanism for the storage of some cystine (as half-cystine residues) in the plasma and in the skin. This cystine could be released, possibly by the thiol-disulphide exchange reaction with cysteine, to the follicles for incorporation into the growing wool fibres. Downes, Sharry, and Till (1964) have shown that some of the 35S injected intradermally as albumin-S-35 S-Cy is incorporated into the wool growing at the site of the injection.
The results in Figure 1 show that the rate of equilibration of the plasma and extravascular albumin in sheep is about the same as in humans (Sterling 1951; Takeda and Reeve 1963) and in dogs (Forker, Chaikoff, and Reinhardt 1952; Baker and Wycoff 1961) . It therefore seems reasonable to attribute to the thiol-disulphide exchange reaction the much faster rate of disappearance from the circulation of P-S_35S-Cy. Once displaced by this exchange reaction, most of the label would disappear at an even faster rate as the free amino acid (Downes 1961b) . That the half-time for the exchange reaction in normal plasma in vivo is of the order of 1-2 hr is supported by the fact that, during a constant infusion of L-[35S]cystine, it took several hours for the disulphide-bound 35S to reach a constant concentration in the plasma (Fig. 5) . The disulphide-bound 35S was, however, displaced much more rapidly by the infusion of large amounts of L-cyst(e)ine (Fig. 7) , presumably through a mass action effect.
The results in Table 2 , in spite of the large variations, show that much more disulphide-bound 35S appeared after doses of L-[35S]cystine than after doses of L- [35S] cysteine. This is to be expected if the binding occurs by the reaction of a protein -SH group with a cystine molecule. Thus some of the 35S would have to be converted to cystine, either by direct oxidation of the [35S]cysteine or by the thioldisulphide exchange:
P-S-S-Cy + Cy35SH ~ P-SH + Cy-S_35S-Cy before any of the 35S could appear as P-S_35S-Cy. On the other hand Table 2 shows that the label from L-[35S]cystine appeared more rapidly in the peptide chains of the plasma proteins than after doses of L-[35S]cystine, presumably because cysteine, not cystine, takes part in plasma protein synthesis in the liver.
Great care is needed in the analysis of free cyst(e)ine in plasma, because the reaction of cystine with the protein thiol groups to form mixed disulphides can go to completion in vitro (Downes 1961b); Isles and Jocelyn 1963) . In the present work the proteins were removed as quickly as possible after collecting the blood, under conditions in which no more than 10% of the free cyst(e)ine would be lost (Downes 1961b) . The values (Table 3 ) obtained for the concentration of free cystine must therefore be close to the true values. In spite of this these values are in general lower than those obtained for plasma for other species. Although few samples of sheep plasma were analysed, the results suggest that in normal sheep the concentration of free cyst(e)ine in plasma is lower than for the other species studied, possibly because of the large demand for cystine by the follicles for wool growth or because more cystine is disulphide-bound in vivo in the sheep than in other species. The concentrations of total free ex-amino nitrogen (3·3-8·2 mg/100 ml plasma) were of the same order as those obtained (4-6 mg/100 ml) by other workers in this laboratory by the method of Frame, Russell, and Wilhelmi (1943) . The low cystine concentrations were therefore not associated with overall low concentrations of the other amino acids.
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